Different types of assessment tools have been developed in Europe with the purpose of determining the environmental impact of various livestock production systems at farm level. The assessment tools differ in terms of which environmental objectives are included and how indicators are constructed and interpreted. The paper compares typical tools for environmental assessment of livestock production systems, and recommends selected indicators suitable for benchmarking. The assessment tools used very different types of indicators ranging from descriptions of farm management and quantification of input to estimates of emissions of, e.g., nitrate and ammonia. The indicators should be useful in a benchmarking process where farmers may improve their practices through learning from farms with better agri-environmental performance. An example of this is given using data on P-surplus on pig farms. Some indicators used the area of the farm as the basis of the indicator-e.g. nitrogen surplus per hectare-while others were expressed per unit produced, e.g. emission of greenhouse gasses per kilogram milk. The paper demonstrates that a comparison of organic vs. conventional milk production and comparison of three pig production systems give different results, depending on the basis of the indicators (i.e. per hectare or per kilogram product). Indicators linked to environmental objectives with a local or regional geographical target should be area-based-while indicators with a global focus should be product-based. It is argued that the choice of indicators should be linked with the definition of the system boundaries, in the sense that area-based indicators should include emissions on the farm only, whereas product-based indicators should preferably include emissions from production of farm inputs, as well as the inputs on the actual farm. The paper ends with recommendations for choice of agri-environmental indicators taking into account the geographical scale, system boundary and method of interpretation. D
Introduction
As one of the responses to the strong focus on agri-environmental issues in Europe, different environmental assessment tools have been developed in order to determine the environmental impact of various livestock production systems. Some assessment tools are targeted for use at national or EU level for guiding policy (e.g. the set of agri-environmental indicators under the acronym bIRENAQ; Indicator Reporting on the integration of Environmental concerns into Agricultural policy; EEA, 2004b, in press) or for diagnosis of agricultural systems. Other environmental assessment tools have been developed with the aim of improving farm management by supplying information to the farmer or advisor (Van der Werf and Petit, 2002; Goodlass et al., 2003) . For each target group, effective environmental assessment tools are required in order to improve knowledge on environmental impact of current production systems and to find solutions to reduce the negative impacts. Assessment tools not only differ in target group, they also vary in their focus on environmental issues, and in the basic choice of indicator types (Halberg et al., 2005) . It is therefore problematic that for several of these tools no explicit argumentation is given for target group, environmental issues and indicator types chosen.
Most indicators are process-oriented and use a land-based scaling of the agri-environmental topics (e.g. nutrient surplus per hectare, energy use per hectare) and include only on-farm emissions, meaning that emissions associated with the production of inputs (e.g. concentrated feed, fertiliser) are not considered. However, there is an increasing interest in product-oriented and life cycle based environmental assessments (LCA), because there is a need to evaluate global emissions and impacts from the whole production chain in relation to types and amounts of products consumed. The recent EU communication on Integrated Product Policy (IPP; states that All products cause environmental degradation in some way, whether from their manufacturing, use or disposal. Integrated Product Policy (IPP) seeks to minimise these by looking at all phases of a products' lifecycle and taking action where it is most effective.
Product-oriented assessment is often based on LCA and expresses resource use and emissions per unit of product, e.g. greenhouse gas emission per kilogram pork. Several LCA studies on food have been published (De Boer, 2003; Halberg, 2004) and some indicator tools for agri-environmental assessment are (partly) based on LCA methodology.
The overall aim of this paper is to give a critical evaluation and guidelines for efficient use of agrienvironmental indicator types and tools. More specifically the paper will:
! Give a state-of-the-art overview of different environmental assessment tools for improved diagnosis, development, advice and management of livestock farming systems. ! Discuss how to improve the agri-environmental performance of livestock farming systems using benchmarking based on the variation in indicator values between comparable farms. ! Compare the land-based (input output accounting/ green accounts, etc.) and the product-oriented (LCA) approaches and indicators. ! Give recommendations for future development and harmonisation of agri-environmental evaluation tools for livestock farming for use in extension, diagnosis and research.
Indicator tools for environmental assessment of livestock systems
The relation between agricultural activities and their environmental impact is not simple and usually it is not possible to directly measure the environmental impact caused by a farm because most of the emissions are diffuse. Therefore, indicators are used to give information regarding the relation between a certain agricultural activity and its impact on resource use and environment. The idea of using indicators is thus based on the need to simplify complex phenomena and quantify information, so that its significance is more readily apparent. As stated by Stolze et al. (2000) :
An indicator is a value derived from parameters, which points to the state of the environment with a significance extending beyond that directly associated with a parameter value.
An indicator, therefore, is not simply any parameter one could imagine measuring, but one that should be selected according to specific needs for information related to certain objectives. The European Environmental Agency is presently developing a list of agrienvironmental indicators, bIRENAQ (EEA, 2004b, in press) , following the principles of the Driving-ForcePressure-State-Impact-Response (DPSIR) concept (Smeets et al., 1999) . The DPSIR framework is used as a structure for the selection of environmental indicators based on whether an indicator describes an agro-economic Driving force (D, e.g. the causes), the environmental Pressure (P, e.g. emissions of pollutants), the State (S, or quality) of the environment/ recipient, the Impact (I) this has on the health of people, animals and ecosystems or a Response (R) to degraded environment in the form of policies and targets. The concept builds on the idea that indicator selection should be guided by the cause-effect relationships between the D and their related P on the one hand, and the changes in the S and the resulting I on the other hand. In this way the selection of proper D and P indicators should help to foresee and predict important negative changes in the environment in due time. As shown in Table 1 , the fertiliser and pesticide use are D indicators while the EEA uses the nutrient surplus and estimates of greenhouse gas emissions as P indicators.
The EEA has also defined some S and I indicators, such as the level of nitrate in water and the level of C the extent to which an effect is taken into account,+: effect is considered,+ / 0: effect is considered to a minor degree, 0: effect is not considered. b 1, Anonymous (2000) ; 2, Mayrhofer et al. (1996) ; 3, Lewis and Bardon (1998); 4, Solagro (2000) ; 5, Rossier (1999), 6, Wackernagel and Rees (1996). in soils, and as R indicators the percentage of organic farming and the number of farms participating in agrienvironmental schemes are considered. The full list of indicators may be found in EEA (2004b, in press ). The IRENA indicators are to be used at a high hierarchical level (regions and countries) and the list cannot be used as a blueprint for selection of indicators for farm level management tools or green accounts. But this EEA framework may be used to compare the selection of indicators at farm level and to better understand the objectives of using specific indicators vis-à-vis the cause-effect relations in the DPSIR scheme.
A large variety exists-at both methodological and operational levels-within agri-environmental indicators used in farm level assessment tools for improved farm management and advice as reviewed recently by Van der Werf and Petit (2002) and Halberg et al. (2005) . Most indicators are embedded in a diagnosis tool for either research or advisory purposes with procedures for calculation and presentation of the results for a specific farm over a period of time, usually a year. While a large number of such tools have been developed, only a small proportion address livestock farming systems and the important interactions between crop and livestock production (Goodlass et al., 2003) . Tables 2 and 3 give an overview of six indicator systems selected to illustrate different approaches suitable for the assessment of livestock systems. Some of these farm level agri-environmental assessment tools use indicators based on quantification of inputs or emissions, e.g. nutrient surplus and potential losses and energy use per hectare. Other tools are based on recordings of the farmers' activities, farmer practices, e.g. whether the farmer uses soil covers or direct drilling methods. The tools also differ in the environmental aspects they address (Table 3) ; the GA and the LCA-based tool focus on Pressure indicators, while the other tools focus on Driving forces or changes in the State of e.g. landscape, biodiversity or soil on the farm. Only methods that were sufficiently different from each other, well-documented and showing proof of having been actually used or at least tested for assessment purposes were retained. For some of the types of assessment tools several specific tools have been developed independently in Europe and the one presented here is simply chosen as an example.
Green accounts for farms (GA)
The Danish Green Accounts is a farmer tool to calculate and report nutrient balances and the use of energy and pesticides in the form of indicators based on the actual input and yields on the farm. Farmers are subsidized up to 1000 euro per year under the A, objective to be minimised; \, objective to be optimised; z, objective to be maximised.
EU-supported agri-environmental schemes to carry out the Green Accounts, usually with the help of an advisor. The idea is that the Green Accounts would improve agri-environmental performance on a voluntary basis through a benchmarking process where farmers compare their own results against similar farms. The Danish advisory service reports average figures from Green Accounts on the Internet (Holbeck and Kolind Hvid, 2004) . The farm gate nutrient balance calculations for nitrogen and phosphorus are based on N and P content in all farm inputs and in products exported from the farm. Surplus of N and P are reported per hectare (i.e. as P indicators), but without any estimates of the different emissions. Energy use is limited to the use of diesel (reported as megajoule per hectare) and electricity at farm level (Table 4) . Pesticide use is accounted for in the quantification of bamount of active ingredients used per haQ and bTreatment Frequency Index (TFI)Q based on the sum of amounts used divided by standard approved dosages per hectare.
In the Netherlands, agricultural farms are obliged to report their nutrient inflow and outflow, using MINAS (MINeral Accounting System; Bureau Heffingen, 2001). The difference between nutrient input and output is called the farm surplus, and is assumed to be lost to the environment. These surpluses are regulated by comparing them to environmentally 4 DIA Input of direct energies (GJ/ha).
Fraction of farmed surface without crop cover on December 31 (ha/ha).
Farm level N-surplus, sum of all imported N minus all N in sold products, corrected for changes in stocks (kg/ha).
Length of hedges and forest borders (m/ha).
LCAE Input of direct and indirect non-renewable energies (GJ/ha and GJ/kg).
Amount of eroded soil calculated using the Universal Soil Loss Equation (USLE) (kg/ha).
Emissions of NO 3 , NH 3 and N 2 O calculated by emission factors and simulation models (kg/ha and kg/kg). 6 EF Area of land required to produce a crop-based substitute for energy used or area of land required to absorb CO 2 emitted from fossil fuel. a See Table 1 . b Direct energies: those directly used in the production activity (e.g. diesel used by tractor); indirect energies: those used to provide the other factors (e.g. fertiliser, diesel, the tractor).
safe standards, the so-called levy free surpluses (LFS) . If the individual farm surplus exceeds the LFS, the farmer will be taxed for every kilogram of nutrient exceeding the LFS (Ondersteijn et al., 2002) . Although MINAS is obligatory and the Danish nutrient balance is voluntary, the basic principles of both approaches are equivalent. Mayrhofer et al. (1996) propose a method, which assigns scores to farm production practices and landscape maintenance. The method is used in lower Austria to establish the level of payments to farmers in order to favour desired management practices with respect to the environment and the landscape. In 1998, 1500 farms participated in the programme. The method assigns scores to farm practices (e.g. bD-indicatorsQ such as crop rotation, maintenance of soil cover, intensity of use of fertilisers, pesticides, grassland management) and for the presence of landscape elements such as hedges, trees, wetlands, and orchards (S indicators). For example, the farm gets zero points if it grows three or fewer different crops, one point for four crops, two points for five crops, etc. A catch crop yields five points; mulch covering the soil yields up to 6 points and direct drilling yields 3 points. The less fertiliser and pesticides used, the more points are obtained, and landscape elements yield points according to their area.
Ecopoints (EP)

Environmental management for agriculture (EMA)
Lewis and Bardon (1998) propose ba computerbased informal environmental management system for agricultureQ. The system produces beco-ratingsQ, reflecting environmental performance by comparing actual farm production practices and site-specific details with what is perceived to be best practice for that site. Each indicator is thus a score between À 100 and + 100 based on the aggregation of a number of sub-indicators. For instance, for nitrogen fertiliser application the main impact is nitrate leaching. The tool provides a baseline eco-rating based on a calculation of the difference between the actual application rates and the recommended rates. This baseline factor is then enhanced by scores associated with site-specific factors such as application timing, rainfall levels and soil type to establish a measure of environmental impact (P indicator). The EMA tool incorporates modules to explore bWhat-IfQ scenarios and a hypertext information system. More than 5000 farmers and their advisors in the United Kingdom use the EMA tool.
DIALECTE (DIA)
Solagro (2000) proposes DIALECTE for the evaluation of the environment at the farm level by means of a comprehensive, simple and rapid approach. This method is an improved version of the bSolagro DiagnosticQ method proposed by Pointereau et al. (1999) . The method yields 16 Agro-Environmental Indicators supplying a rapid and global evaluation of the environmental risks of the farm. The indicators concern crop diversity, grassland management, manure and soil management, presence of hedges, input use, N, P and K surplus as shown in Table 4 (thus a mix of D, P and S indicators). It further produces a Whole Farm Approach consisting of an energy analysis, of performance levels for farm diversity and management of inputs, and of an assessment of the potential impacts of the farm on water, soil, biodiversity and resource use. These impacts are calculated as sums of scores based on several of the 16 agro-environmental indicators. The method can be applied to all agricultural production systems in France according to the author. So far the evaluation has been carried out for 1000 farms.
A number of similar approaches combining quantified indicators with subjective assessments of farm practices exist. Vilain (2003) proposes a method, which assigns scores to farm production and management practices. The method can be used for the evaluation of agroecological, socio-territorial and economic sustainability of different farm types in France.
LCA for environmental farm management (LCAE)
Several authors have adapted a general Life Cycle Assessment methodology to obtain a comprehensive evaluation of the environmental impact of a farm (Rossier, 1999; Cederberg and Mattsson, 2000; Haas et al., 2000; De Boer, 2003; Dalgaard et al., 2004) . The method allows the identification of the main pollution sources through the chain (including production of farm inputs) as far as the farm gate and the evaluation of possible modifications of the farms or farming methods. Rossier (1999) applied the LCA approach to 13 crop, animal and mixed farms in Switzerland and in Denmark the system of Green Accounts has been supplemented with a tool for performing LCA on the farms, which has been tested on 20 private farms. These tools are, however, not widely used by farmers or advisors so far. In the Netherlands, for example, an energy yardstick has been developed, which applies an LCA based assessment of energy use. This yardstick has been tested on livestock production systems only, and is not used widely on commercial farms yet (Hanegraaf et al., 1996) .
Ecological footprint analysis (EFA)
A farm's Ecological Footprint (EF) is the biologically productive area (BPA) needed to produce resources used and to absorb waste (i.e., CO 2 from fossil fuel combustion) generated by that farm (Wackernagel and Rees, 1996) . To compute the EF you keep track of land and energy requirements of all resources imported into the farm or used on the farm. Subsequently, total land and energy use are summed into BPA, assuming that 1 ha of woodland absorbs all CO 2 released during combustion of 100 GJ of energy. To be able to compare the ecological footprint of farms that differ in size, total BPA is divided by the total output using economic allocation between products and expressed per unit of product. Ecological footprint analysis, therefore, yields one environmental indicator, i.e., BPA (in m 2 ) per kilogram of product.
The environmental assessment tools presented above vary both in the number and selection of environmental issues and in the type of indicators used. We distinguish between six types of indicators as shown in the following: But the relation to the environmental impact in question is indirect, because the level of emission from a certain input use depends on the amount of production achieved from this input. III. Input-output indicators such as nutrient surplus have incorporated the efficiency of input use and are therefore better proxies for environmental impact than resource use or management indicators. However, the relation between the indicator (e.g. surplus of P per hectare) and the actual loss in a given period of time is not simple or linear, which again makes the interpretation difficult. The advantages of inputoutput indicators are that they are usually easy to calculate and explain to farmers, they are relatively precise and easy to standardise and very useful for benchmarking, because they may, to a large extent, be understood using classical production efficiency measures (e.g. feed efficiency). IV. Estimates of emissions such as nitrate loss per hectare or ammonia loss per farm are Pressure indicators, which have the advantage of being closely related to the environmental problems in focus. However, they are usually not easy to estimate with precision without the availability of detailed data on the individual farm and they may depend on the use of complex models.
Moreover, large differences exist in methods for emission modelling both within and between countries, which makes it difficult to compare studies. V. The Life Cycle indicators in tool no. 5 also use emission estimates but aggregate several emis-sions into impact categories. Moreover, the impacts are often aggregated over several processes in the production chain and expressed per kilogram of product. The difference between this indicator type and the area-based inputoutput and emission indicators are discussed below. VI. A few examples of (Environmental) State indicators are used such as the percentage of small biotopes (hedges, ponds, etc.) or the presence of landscape elements in tools nos. 2-4. Some of the indicator tools above do not speak of bevaluation of environmental impactQ but use the expression bevaluation of ecological (or environmental) sustainabilityQ. Although this expression is not always clearly defined, it obviously envisages a situation in which environmental impact is limited to an acceptable level. As environmental sustainability is not a measurable entity in itself, most assessment tools use environmental indicators to evaluate environmental impact of contrasting production systems and to identify possible reasons for variation within and between production systems (Mitchell et al., 1995; Bell and Morse, 1999; OECD, 2000) .
Most of the environmental assessment tools are meant for voluntary use, but only few attempts have been made to verify that these tools are actually used to improve the environmental performance (Halberg et al., 2005) . The most promising tools seem to be the ones that are linked with production-oriented planning tools used in collaboration with local advisors. This is because the indicators on a given farm need to be interpreted in relation to both the objectives behind the indicator and the potential for improvement of the environmental performance on the particular farm. This process of benchmarking is discussed in the following section.
Using indicators for improving livestock farming systems: from diagnosis to development
The indicator tools described above may all be used to characterise different farming systems in relation to the objectives chosen, which may lead to a diagnosis of problematic issues. However, it is not evident how this may lead to improvements in the farming systems involved, i.e. going from diagnosis to development. The first step in this process will often be to identify reference values to compare the indicator value achieved on a specific farm with (e.g. public limits for emissions, estimated results when the farm follows norms for GAP, the variation among similar farms. . .). One method for this purpose is called benchmarking, which is the process of learning from farms with better agri-environmental performance in one or more indicators according to the following definition: bBenchmarking is the process of improving performance by continuously identifying, understanding and adapting outstanding practices and processes found inside and outside the organisationQ (Amer. Prod and Quality Center, 1999, cit. EEA, 2001) .
Thus, benchmarking is more than just comparing numbers from different companies (farms); it involves the process of identifying bbest practicesQ, understanding differences between farms, learning from an analysis of the reasons for this difference, setting goals for oneself based on the results achieved by others, and hence improving own practices. Therefore, for indicator tools to be useful for the development of environmentally improved farming systems, there should be a strong and known relation between the farming practice (i.e. the farm management) and the level of the indicator on a specific farm. Moreover, it should be possible to link the variation between farms/farming systems in their indicator values to differences in farm management or system properties. This is indeed the case for some important inputoutput based indicators, which has been shown in studies of farm data (Halberg et al., 1995; Halberg, 1999; Haas et al., 2000; Schrö der et al., 2003; De Boer et al., 2004) .
As an example of the benchmarking approach, the variation in farm gate P-surplus per hectare among Danish Pilot farms is shown in Fig. 1 (Nielsen, unpublished; Nielsen and Kristensen, 2005) . The P-surplus increased-not surprisingly-with increased stocking density defined by livestock production per hectare. However, there is a difference between pig farms with identical stocking density (seen as the vertical variation at points on the X-axis, e.g. 1 Livestock Unit (LU) per ha. The two pig farms marked A and B both use manure from around 1 LU per ha of fattening pigs (after correction for manure export) and should, therefore, have approximately the same farm gate P-surplus per hectare if they follow the same norms for feeding and fertilisation. Obviously, this is not the case; farm B has a higher P surplus per hectare than A (16 vs. 5 kg P per ha per year respectively). The reason for this difference can be explored by comparing the use of P on the two farms. Since the farms use almost the same amount of pig manure per hectare and purchase very little P fertiliser (results not shown), the reason for different farm level P-surpluses should be found in the P-efficiency in the crops and/or in the feeding practices. When calculating the herdlevel P balances of the yearly pig production, it becomes clear that farm B supplies more P in manure to the crops than farm A does. As shown in Fig. 2 , Farm B supplies 20 kg P per ha compared with 30 kg P from farm A, even though they had identical stocking density (Fig. 1) . Thus, there should be a potential for farm B to reduce the farm level P surplus simply by optimising the supply of P in feed and minerals. The same picture emerges when comparing the piglet production of Sow farms C and D.
To move from the stage of understanding why some farms perform better than others as measured by a specific indicator to the task of actually improving the agri-environmental performance on a farm (either voluntarily or by regulation), it is necessary to link the diagnostic assessment tools to on-farm management strategies (Børsting et al., 2003; Schrö- Halberg et al., 2005) . Model-based research has already indicated that, for example, the surplus of N and P per hectare could be mitigated by tactical and operational management (Van der Meer and Van der Putten, 1995; Halberg and Jensen, 1996; Børsting et al., 2003; Schrö der et al., 2003) . In addition, a demonstration project in the Netherlands, referred to as dCows and OpportunitiesT, showed that use of nutrient accounting in combination with farm specific management advice, i.e., a detailed fertilisation scheme, significantly reduced individual farm surpluses (Hanegraaf and den Boer, 2003) . Likewise, the use of the Dutch farm energy use analysis tool bthe Energy YardstickQ has shown that it is possible to include the objective of energy savings in farm planning (Hanegraaf et al., 1996) .
There seems, thus, to be evidence that benchmarking is a feasible process for the improvement of agrienvironmental performance when using different types of I/O indicators. More systematic data comparing different types of farming systems using such clearly defined and possibly standardised I/O accounting methods are needed for this to be useful on a large scale.
The situation is different for environmental indicators obtained from LCA, such as for example global warming or acidification potential per kilogram milk. So far, LCA studies at farm level use case studies (few farms) and reference values (i.e. the estimation of, e.g. N 2 O and CH 4 is still based on relatively crude standard emission factors), and therefore show limited variation between farms. To gain insight into the between-farm variation of, for example, acidification potential per kilogram milk, variation in NH 3 emission between farms is highly relevant. Prediction or measurement of variation in emission of gasses such as NH 3 , N 2 O or CH 4 , however, appears to be difficult. Therefore, it is presently not easy to document differences in such emissions between otherwise comparable farms due to management at tactical or operational levels (i.e. things that might be changed in medium to short-term planning). The relation between manure handling and methane emissions is poorly understood and does not allow a farm specific calculation (Hansen et al., 2002) . The relations between feeding and methane emission established in the literature are difficult to apply in practice, because of the level of detail needed regarding the chemical composition of carbohydrates (Bertilsson, 2002) . However, the relation between methane loss from ruminants' digestion and the feeding practice may in the future be operationalised in a way that allows this to be taken into account when planning feeding management on a particular farm (Bertilsson, 2002) .
The other significant contributor to greenhouse gas emission, nitrous oxide, cannot presently be measured or assessed precisely in relation to individual management practices such as manure handling techniques and crop rotation, and there is even a large difference between countries in the way the IPCC methodology is applied (Petersen et al., 2002) . Hence, efforts to improve the methods for assessment of NH 3 , N 2 O and CH 4 emissions on farm scale should be continued and should be linked to an understanding of the underlying processes in order to use LCA indicators at farm level (De Boer, 2003) . It would be a very important gain if the increased knowledge of causes for these emissions on a process level could be operationalised into management tools in the future. The prospects for estimating nitrate and ammonia emissions on specific farms are better, but even within a relatively small and homogenous country such as Denmark there is still no consensus on which model to use to assess nitrate losses from specific farms.
Comparison of the land-based indicators and assessment
Both for the comparison of contrasting production systems and for the identification of options for improvement, the definition of the environmental indicator used is highly important as discussed above. Most indicator tools present the environmental impacts per hectare and most systems include only the emissions from the farm itself (Tables 2, 3 ; see also Goodlass et al., 2003) . Thus in this sense they are bsite-specificQ. However, some environmental impacts, e.g. greenhouse gas emission, are of a global nature and therefore the emission per unit produced (e.g. 1 kg milk) is as relevant from a global, environmental perspective as the emissions per hectare. Also indirect emissions related to the use of inputs on a farm (e.g. the environmental impact from producing the imported feeds and fertiliser, Van der Werf et al., 2005) should be included when a comprehensive assessment of the environmental consequences of a product is needed. The impact of, e.g. nitrous oxide emissions from soybean cultivation in tropical countries may be as relevant to the assessment of European livestock production as the greenhouse gas losses from the animals themselves. Moreover, increasingly it is recognised that environmental gains from improvement in farming systems per se may be off-set by the amounts and patterns of consumption, which is one of the reasons for the EU IPP policy paper . Therefore, the definition of system boundaries is very important for indicator selection and for interpretation of results.
For these reasons, a product-oriented assessment that includes the whole production chain and quantifies the environmental impacts per kilogram product delivered is recommended internationally UNEP, 2004) . Life Cycle Assessment is the most developed product-oriented assessment tool and is increasingly used to evaluate the environmental efficiency of different agri-enterprises and food production systems (Halberg, 2004) . For a correct interpretation of obtained results of each indicator, however, it makes a difference whether the environmental impact assessed is expressed relative to the amount of product produced (product-based approach) or relative to the amount of farmland used (area-based approach) (De Boer, 2003 ). This will be illustrated below with examples from different European farming systems-dairy and pig production. In Table 5 we review results of LCA case studies that compare results of organic and conventional dairy production systems (Cederberg, 1998; Cederberg and Mattsson, 2000; Iepema and Pijnenburg, 2001; Haas et al., 2001; Dalgaard et al., 2004) . At present, we cannot directly compare LCA results of different case studies (De Boer, 2003) because of methodological differences. LCA results of organic milk production, therefore, are expressed relative to conventional production.
The environmental impact per hectare is lower for organic dairy farms than for conventional farms in most cases, e.g. Global Warming Potential (GWP, the total amount of greenhouse gasses converted to CO 2 -equivalents) per hectare of organic production is 42-102% of GWP of conventional production (Table 5) . However, in Germany, Sweden and Denmark the milk production per hectare is also smaller and therefore the results change when impacts are expressed per ton milk. Expressed per tonne of milk the GWP of organic production is 91-104% of the GWP of conventional production. Using the product-based approach, we would conclude that GWP of organic and conventional production are almost equivalent. Using the areabased approach, we would conclude that GWP is lower for organic than for conventional production, except for the Dutch situation. With respect to acidification and eutrophication a similar conclusion can be drawn. However, for results expressed per hectare, the Dutch organic system does not do better than the conventional system with respect to acidification.
A comparison of French pig production systems shows the same difference in ranking depending on product-based or area-based environmental assessment (Basset-Mens and van der Werf, 2005, Table  6 ). The Good Agricultural Practice (GAP) scenario Table 5 Environmental impacts expressed per tonne milk produced or per hectare farm area for contrasting dairy production systems Conventional  100  100  100  100  100  100  Organic  100  67  116  79  37  26  Sweden  Conventional  100  100  100  100  100  100  Organic  95  42  89  40  113  50  The Netherlands  Conventional  100  100  100  100  100  100  Organic  104  102  100  99  49  48  Denmark  Conventional  100  100  100  100  100  100  Organic  91  68  90  62  56  40 Relative numbers, Conventional system = 100 for each country. a Generated from De Boer, 2003; Dalgaard et al., 2004. b For each case study the organic system is expressed relative to the conventional system. corresponds to conventional intensive production with good agricultural practice. The Organic Agriculture (OA) scenario corresponds to organic agriculture. The Red Label (RL) scenario corresponds to a French quality label (animal welfare, meat quality).
The choice between product-based and area-based assessment and evaluations of production systems is a political or normative one that has implications for which environmental issues will be most important, local or global, and which function of the production system should be highlighted. This choice is crucial when comparing systems with very different degrees of productivity (yields per unit land) because the extensive farming systems usually have lower yields and emissions per hectare, but above average emissions per kilogram product compared with more intensive systems (defined in terms of input use per hectare or livestock unit). Taking the pig production systems GAP versus RL as an example, the analysis of the results, both per hectare and per kilogram of pig, suggested that RL might be an interesting alternative to GAP (lower eutrophication and lower acidification impacts, Table 6 ), provided that the emissions responsible for climate change could be better controlled with RL. The comparison between GAP and OA, however, strongly depended on the way results are expressed. Impacts for OA were generally similar to or lower than those for GAP when compared per hectare of land used. But the GAP scenario presented better or similar results on a product basis (per kilogram of pig produced), except for pesticide use.
An area-based-compared with a product-basedagri-environmental indicator reflects intensity or extensiveness of production (defined here by inputs per hectare). In general, organic systems are more extensive than conventional systems (except for the Dutch case), and show a lower environmental impact per farm area. The low emissions from extensive systems may have local or regional benefits. But if the lower production is compensated for by more intensive production in other areas (regions), then the total emission on a global scale may be the same or even higher. Therefore, from a global perspective the interesting indicator is the emission per kilogram product. This is in agreement with the proposition of Haas et al. (2000) and De Boer (2003) that the choice of the indicator should be connected with the impact category type: an area-based indicator should be preferred for regional impacts (such as eutrophication and acidification) and product-based indicators should be used for global impacts (e.g. climate change) (Table 6 ). In the pig farming example, the OA would then be better for the regional impacts (except terrestrial toxicity) and GAP would be better for global impacts. With respect to GWP and acidification, the results in Table  5 show no clear difference between conventional and organic milk production per kilogram milk. However, eutrophication per tonne milk is lower in (most) organic systems. Thus, for a global environmental problem, a production system that produces 1 kg of milk or meat with minimal environmental impact seems most efficient. This is of increasing importance because of the increasing demand worldwide for live- stock products (Delgado et al., 1999) . For an environmental problem with a local or regional character, however, we could argue that looking at an areabased indicator is informative as well, especially because there are regional differences in the tolerance of emissions such as acidification. Knowing that farms are not evenly distributed over a region/country/ world, an area-related indicator gives information about the environmental load per farm area. Hence, for acidification and eutrophication, i.e., environmental problems with a regional component, we should compare contrasting production system using both a product and an area-based indicator. However, changing the indicator basis also often changes systems boundaries, i.e. the definition of which impacts and resource flows to include. Thus, when calculating eutrophication and acidification per hectare (area-based), the result most often only includes the emissions on the particular farm and not the emissions during production of imported fertiliser or soybeans. These emissions are, on the contrary, included in the product-based assessment because this includes all steps from cradle to consumer. Moreover, emissions resulting from handling of manure exported from specialised livestock farms to cash crop farms are usually not included in the areabased assessment of the livestock farm (Schrö der et al., 2003) , but should be included in the product-based assessment. Therefore, each assessment has its advantage but cannot stand alone. An area-based assessment of livestock farming systems that depend on imported feeds and export large amounts of manure would overlook the emissions outside the farm related to the livestock production. On the other hand, a product-based assessment cannot presently distinguish between the different impacts a given level of emissions has on different locations. Thus, both types of indicators are needed in order to comprehensively characterise environmental impacts from food production.
Selection of agri-environmental issues for the indicator tools
As shown in Tables 3 and 4 , most agri-environmental assessment tools cover only part of the extensive list of agri-environmental topics and problems, yet the normative (value-based) objectives behind the selection are rarely explicitly included in the systems' documentation. Most indicators are obviously uncontroversial, because they represent a sympathetic objective (e.g. reducing eutrophication or pesticide losses and maintaining biodiversity) as shown in Table 3 . But the selection of some indicators over others is already a normative (i.e. value-based) choice and signals that some problems are considered more important than others. Not all indicator tools in Table  3 include, for example, pesticide use or emissions, which by the EU and many member states are considered important causes of environmental impact from farming (EEA, 2003) . Some systems (DIA and EF) do not cover the use or potential loss of phosphorus, but focus on, for example, soil erosion and land use. Soil erosion/soil quality (which is another important topic according to EEA, 2003) , on the other hand, is addressed only by four of the methods, partly because of a lack of simple indicators at the farm or field level (Halberg et al., 2005; Schjønning et al., 2004) . All systems except EP include energy use, but it is not always clear whether this is from the perspective of a limited resource or the contribution of CO 2 to global warming.
Moreover, the issue of balancing the different objectives, e.g., the trade-off between different indicators if they cannot all be improved at the same time, is seldom dealt with in an explicit way. Some systems transfer the indicator values to closed scales signalling maximum acceptable levels and comparisons between different issues, which often are based on researchers own perceptions or subjective views (Halberg et al., 2005) . Other systems simply report the level of an indicator and in some cases offer reference values for comparison.
The objectives behind indicators for water use and fertiliser use are to promote boptimalQ use, thus not necessarily to minimise the input. On a livestock farm the water consumption by livestock or the irrigation should cover the needs of animals and crops, but at the same time avoid waste. Thus, there is a need for interpretation of what is a reasonable level on a given farm. For other indicators the objective is to minimise, e.g. the surplus of nitrogen (N) or the N emission, which seems simple, and most often the indicator is based on the area used (NH 3 emission per hectare). However, in a situation with conflicting objectives between production and emissions, it may be interest-ing to base the indicator on the amount of product (e.g. NH 3 emission per kilogram wheat), in order to facilitate an explicit trade-off. The life cycle assessment methodology allows for a calculation of emissions per kilogram product and includes explicit functions for scaling different environmental impacts in the so-called bnormalisation procedureQ (Guinée et al., 2002) .
In the end, any choice of which impacts from livestock systems are more important to address in a given context will be political decisions, depending on a local or regional/national context and the discourses in society (Kristensen and Halberg, 1997) . Researchers need to justify explicitly their choices of objectives and indicators in relation to societal goals such as reflected in the environmental assessments from the European Environmental Agency (EEA, 2003, in press) . Some objectives and the related indicators address environmental issues at the local or regional level (e.g., land use, biodiversity and soil erosion) while others focus on global issues (e.g., energy use and the release of greenhouse gasses). This may have consequences for the assessment of different livestock production systems and thus the choice of interventions. It thus seems obvious that there is a need for consensus concerning a list of basic agri-environmental indicators to assess different livestock farming systems in relation to clear objectives. Table 7 shows recommendations for agri-environmental indicators for use at the local, regional and global scale for diagnostic and development purposes. The table is not exclusive and mainly proposes a structure for selecting indicators based on considerations of the geographical scale and system boundary they should be interpreted within. The objectives and environmental themes correspond to objectives behind the IRENA indicators (EEA, in press) but do not include all (e.g. water abstraction). The indicators presented are suitable for use on specific farms or for specific products and processes. Therefore they differ from the IRENA indicators, which are selected to be useful on an aggregated level, using statistical data. The methodology for each indicator in Table 7 has been described elsewhere but more work is needed in order to harmonise specific calculation and interpretation procedures.
For each environmental objective there is a need for both diagnostic indicators and assessment tools for development (optimisation) purposes. Diagnostic indicators need to be relatively simple to carry out and to report, but should still give a precise assessment of the relation between production practices and the (potential) environmental impact. Indicators such as N and P surplus per hectare, pesticide bTreatment Frequency IndexQ or bkg active ingredients per haQ and energy use in bMJ per kg productQ are well established in a number of countries. The LCA type indicators for GWP, eutrophication and acidification per kilogram product are well-established, but methodological differences are still too large to allow detailed comparisons between results from different researchers. Land use is part of LCA tools and was interpreted to reflect three competing objectives of: I. Biodiversity protection through sustaining and increasing uncultivated areas, e.g. rainforests and bogs. II. The need for land to secure global food sufficiency (Runge et al., 2003) . III. Bio energy production (EEA, 2003) . The objective of minimising land use per produced unit does not always go hand in hand with the objective of maintaining semi-natural grasslands by grazing, which is a goal in many European countries (EEA, 2004a) .
Some of the objectives, especially for landscape and biodiversity, cannot be described satisfactorily by single and general indicators because of geographical and cultural differences. The Austrian concept bEcopointsQ operates with a list including bthe percentage of small biotopes on the farmQ, which may have a general validity but which does not tell much about the actual biodiversity in, e.g. the hedges or ponds. Some attempts to define generic landscape (aesthetical) indicators exist, but the subjective and normative aspects of landscape aesthetics should be considered carefully as part of the process for such indicators (Højring and Noe, 2004) . No consensus exists on appropriate and simple soil quality indicators to be used on individual farms or fields (Schjønning et al., 2004) , but some feasible indicators of specific aspects of soil quality can be selected such as the amount of toxic substances applied (e.g. bkg Cu per haQ).
In conclusion: For an indicator to be useful it is necessary to establish reference values for different types of livestock farming systems. This should be done by analysing data from farms to demonstrate the variation in indicator values and by testing the possibilities of reducing environmental impacts using farm-scale modelling. Moreover, for such efforts to be taken up by farmers it is necessary to introduce methods for benchmarking and development as part of advisory services. Benchmarking processes should include several steps, most importantly the establishment of valid reference values for a farmer to compare his results with, interpretation and understanding of causes for differences 1) The indicators were chosen among the indicators used in the reviewed assessment tools following criteria explained in Halberg et al., 2005. Quantitative indicators that document changes over time and differences between farms and are realistic to calculate and explain to non-experts were preferred. The list is not to be considered inclusive.
2) The table proposes a structure for indicator selection based on explicit choices of the geographical scale, the system boundaries and possibilities for interpretation given a priori objectives. The objectives reflect the reviewed tools and were checked against internationally stated, environmental goals as expressed by the EU (EAA, 2003 (EAA, , 2004b and UNEP (2004) . The list of objectives should not be considered exclusive, and some objectives, such as sustainable water use (EEA, in press) were not included here.
3) No consensus exists on appropriate and simple Soil quality indicators to be used on individual farms, but some feasible indicators of specific aspects of soil quality can be mentioned. 4) Treatment Frequency Index (see GE) is operational but does not distinguish between pesticides with different toxicity. Other indicators should be developed. between farms, explorations of possible ways to improve the environmental performance on specific farms through changed tactical and strategic planning, and holistic evaluation of the consequences of such partial improvements for the overall economic, environmental and animal welfare performance of the farming system using indicators. For each of these steps more readily available tools should be developed for farmers and advisors to be linked with traditional technical-economic planning tools.
